Substrate entry into the matrix of both plant and animal mitochondria is controlled by a family of transporters found in the inner mitochondrial membrane. Transporters have been identified from both types of mitochondria that carry monocarboxylates (18, 21) , dicarboxylates (17) , a-ketoglutarate (11) , tricarboxylates (3), phosphate (13) , and pyruvate (7, 21) . In both systems, atractyloside-sensitive adenylate transporters exchange ADP and ATP across the membranes and an atractylosideinsensitive net adenylate accumulation has been noted (1, 2, 20) .
There are, however, some differences in the transporters seen with animal and plant mitochondria. Plant mitochondria, in addition to a normal tricarboxylate exchanger, appear to have a transporter capable of exchanging citrate for hydroxyl ions (3, 4) . While animal mitochondria have a limited permeability to pyridine nucleotides, NAD is transported by a specific carrier in plant mitochondria (8, 14) . Animal mitochondria either do not transport OAAQ2 or do so only at slow rates on the dicarboxylate and/or a-ketoglutarate carrier (12, 19) . Plant mitochondria, on the other hand, transport OAA at rapid rates (15) phthalonate-sensitive carrier (9, 10) . In this paper we explore some of the kinetic capabilities of the OAA transporter in pea leaf mitochondria.
MATERIAIS AND METHODS
Mitochondria were isolated from 3-week old greenhouse grown pea (Pisum sativum L.) plants. The peas (300400 g) were disrupted for 2 to 3 s in 1 L of 0.5 M sorbitol, 30 mm Mops.
NaOH (pH 7.3), 2 mm EDTA, and 0.2% BSA in a 4-L Waring Blendor. After filtering through nylon mesh and Miracloth (CalBiochem), the homogenate was centrifuged at 2000g for 5 min to remove the majority ofthe chloroplasts and then at 9000g for 10 min to pellet the mitochondria. The pellet was resuspended in the reaction medium, 0.3 M sorbitol, 20 mm Mops-NaOH (pH 7.2), and 0.1% BSA. After clarifying the supernatant at IOOOg for 10 min, the mitochondria-enriched pellet was collected at 6000g for 15 min, resuspended in a minimal volume of reaction medium and used without further purification (23, 24) .
The chloroplast fragments in this preparation neither reduced OAA nor interfered with its assay.
Measurements of OAA Uptake by Mitochondria. Because of the lability of OAA and the high V and low Km of its transporter, conventional techniques for measuring transport by mitochondria proved unsatisfactory. OAA uptake, therefore, was monitored by measuring the disappearance of OAA when mitochondria were supplied with an NADH-generating substrate, usually glycine. Due to the large excess of malate dehydrogenase activity present in the mitochondrial matrix, OAA entering the matrix was immediately reduced to malate. The concentration of OAA was determined spectrophotometrically as the 2,4-dinitrophenylhydrazone derivative (5) .
Mitochondria were incubated in 0.5 ml of the reaction medium containing 10 mM glycine at 25C. After a 1-min preincubation, the OAA at the desired concentration was added and mixed by vortexing. The reaction was stopped at the time specified (usually 5 or 10 s) by adding 0. Time (minute.) When pea leaf mitochondria were supplied with glycine as a source of matrix NADH production, the rate of OAA depletion from the reaction medium was dependent on the OAA concentration (Fig. 2) Day and Wiskich (9, 10) have reported that the inhibition of glycine-dependent 02 uptake by OAA was prevented by phthalonate but not butylmalonate. Phthalonate and phthalate ere both competitive inhibitors of OAA uptake (Fig. 4) Figure   2 except 40 pg of mitochondrial protein were used and the reaction was terminated 10 s after the addition of the OAA. Where indicated, 5 mm K-phosphate was included in the reaction medium. not butylmalonate, was capable of preventing added OAA from inhibiting glycine-dependent 02 uptake. Taken as a whole, the data presented show that pea leafmitochondria possess a specific carrier with a high affinity and turnover rate for OAA.
The validity of the values presented for the kinetics of OAA transport are dependent on a number of assumptions. First, it is essential that OAA reduction occurred within the matrix. Malate dehydrogenase activity (about 200 nmol/mg-min) was measurable on the outer surface of these mitochondria, but was not sufficient to reduce OAA at the rates observed. More importantly, the reduction of OAA was dependent on the addition of glycine (Figs 1) . NADH production by the glycine decarboxylase complex occurs in the mitochondria matrix and no mechanism is known to account for NADH export at the rates required (8) . Second, it is important to show that the rate of OAA depletion by mitochondria was limited by the rate ofOAA uptake and not the rate of its reduction in the matrix. As volve both the dicarboxylate and a-ketoglutarate transporters of these organelles. Animal mitochondria show no indication of a unique carrier with kinetic and specificity properties equivalent to that from pea leaf mitochondria.
The mechanism ofthe OAA transporter in pea leaf mitochondria is unresolved. Mitochondrial membrane transporters generally function by exchanging an anion on one side of the membrane for an anion on the other side (antiport mechanism). Those carriers that do not exchange for a substrate anion (i.e. the P, transporter) either exchange for hydroxyl ions or cotransport a proton along with the anion (synport mechanism). It is difficult to differentiate between these two options experimentally. We have been unable to identify a substrate anion that transports against OAA. The most likely mechanism, therefore, would be exchange for hydroxyl ions or cotransport with protons. In this case, OAA transport should be increased at lower pH. This was not the case (Fig. 5) . The high pH optimum may reflect a direct effect of pH on the activity of the transporter that more than compensates for the reduced concentration ofexchangeable protons in the medium. More work will need be done before a mechanism is confirmed.
The physiological role of this OAA transporter in pea leaves had yet to be determined. In combination with the dicarboxylate transporter it could be used to move reducing equivalents either into or out of the mitochondrial matrix. The existence of an external NADH dehydrogenase in these organelles decreases the need for an NADH shuttle system designed to carry cytosolic reducing equivalents into the matrix. Woo and Osmond (25) have suggetd that a malate:OAA shuttle may be involved in shuttling NADH produced during photoresiration by the glycine decaboxylase complex out of the mitochondria. Inhibitor studies, however, sugst that such a shuttle is not important during photorespiratory glycine oxidation (16 
